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Do experiments based on superconducting loops segmented with Josephson junctions (e.g., flux
qubits) show macroscopic quantum behavior in the sense of Schrödinger’s cat example? Various
arguments based on microscopic and phenomenological models were recently adduced in this debate.
We approach this problem by adapting –to flux qubits– the framework of large-scale quantum
coherence, which was already successfully applied to spin ensembles and photonic systems. We
show that contemporary experiments might show quantum coherence more than one hundred times
larger than experiments in the classical regime. However, we argue that the often used demonstration
of an avoided crossing in the energy spectrum is not sufficient to conclude about the presence of
large-scale quantum coherence. Alternative, rigorous witnesses are proposed.
I. INTRODUCTION
The experimental demonstration of a massive object
in a superposition of two well separated positions is gen-
erally considered as a positive test of quantum mechan-
ics on large scales. Typical examples are interference of
large molecules or proposed experiments with levitating
nanospheres [1]. These situations are often compared to
Schrödinger’s thought experiment of a cat in a superpo-
sition of dead and alive [2].
It was argued that superconducting quantum interfer-
ence devices (SQUIDs), that is, superconducting loops
segmented with Josephson junctions, can exhibit a simi-
lar characteristic [3, 4]. In certain parameter regimes, the
magnetic flux through the loop can be seen as an appro-
priate analog to the position of a massive object, where
the capacitance of the circuit plays the role of the mass
(see Fig. 1). The nonlinearity of the Josephson junction
can lead to an effective double-well potential, in which
the minima of the wells correspond to well separated (i.e.,
“macroscopically distinct”) flux states.
There has been a debate about the precise implica-
tions of successfully demonstrating a coherent superpo-
sition between the two wells [4–10]. On the one hand,
it was argued that recent experiments [11–13] operate in
the 100 nA or µA regime implying the presence of up
to 109 electrons. This, together with the experimental
evidence of “macroscopic coherence”, should be seen as a
genuine “macroscopic quantum effect” [4]. On the other
hand, arguments based on microscopic modeling suggest
that effectively at most a few thousand electrons make
the difference between the two states localized in each
well [5, 6] (see [7] for a critique of this argument). Fur-
ther contributions also assign an “effective size”, that is,
a number that should, for example, reflect the number
of electrons that effectively participate in the observed
quantum effect [8–10] (see also table I). While the differ-
ences in the precise frameworks of [4–10] are expected to
lead to some deviation in the obtained results, it is as-
tonishing by how much they vary. We find effective sizes
ranging from two [9] to 1010 [4]. In addition, none of the
theory papers present a conclusive, testable witness for
their claim.
In this paper, we argue that one important aspect of
the large-scale quantum nature of these experiments is
the amount and the spread of quantum coherence in the
flux coordinate since it is a direct test of the superposi-
tion principle. As already successfully done for spins and
photons [15–17], we rescale the coherence of the target
state by the coherence of a classical reference state (i.e.,
the state confined in a single well). In this way, we in-
troduce an “effective size” that quantifies the scale of the
quantum effect. The advantage of this approach is the
(a) (b)
Figure 1. (a) Schematics of a superposition in the flux coordi-
nate φ in both wells (thick: probability distribution; thin: po-
tential). Experiments witnessing coherence between the two
wells are sometimes considered to resemble a Schrödinger-cat
situation if the inter-well distance and the system size (e.g.,
number of participating electrons) are large. (b) Most basic
schematics of a superconducting ring with a single Joseph-
son junction (cross; see also Sec. III). In a certain parameter
regime the magnetic flux φ through the ring is an appropri-
ate choice for the relevant degree of freedom [4, 11, 12, 14].
The SQUID is then called flux qubit. The external flux φx
controls the effective potential for φ. In practice, the single
Josephson junction is replaced by several junctions for an in
situ control of some experimental parameters [11–13].
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2applicability to experimental data.
After a short review of the motivation and the theory
of the framework in Sec. II, the phenomenological model
of the flux qubit experiments is presented in Sec. III.
Identifying the flux as a relevant observable, we show
that indeed the ideally generated target states show large
quantum coherence. With the parameters from experi-
ment [11], we find that the quantum coherence of the
target states in flux basis is almost two hundred times
larger than of a classical reference state (i.e., the ground
state of a single potential well). Ideal cat states could
even reach numbers 1000 times larger than that of the
reference state.
The experimental proof for the generation of the eigen-
states was argued to be the avoided crossing in the en-
ergy spectrum when tuning the imbalance of the two well
minima. In Sec. V, we show that this evidence is not suf-
ficient to conclude the presence of large-scale quantum
coherence. We do so by presenting a simple dephasing
model in the flux basis that leads to a drastic reduction
of the quantum coherence (to the level of the classical
reference state) while keeping the feature of the avoided
crossing.
The framework of large-scale quantum coherence pro-
vides testable witnesses, which often turn out to be feasi-
ble in practice [18]. In Sec. VB, we discuss the possibility
of lower-bounding large quantum coherence by witness-
ing a strong response of the system to flux dephasing.
The paper is summarized and discussed in Sec. VI.
II. FRAMEWORK OF LARGE QUANTUM
COHERENCE
One of the simplest and most fundamental questions
in quantum mechanics is the validity of the superposition
principle on all scales. There exist several alternative
models that, for example, prevent a persistent superpo-
sition of two significantly distinct positions for massive
particles [19]. Given an observable X with a natural
macroscopic limit (such as position or magnetization),
quantum coherence between two far-distant parts of the
spectrum arguably challenges our classical intuition more
than quantum coherence constraint to a small (micro-
scopic) regime [2].
For pure states, a superposition between far-distant
spectral parts of X implies that the wave function has a
large spread. The simplest way to measure the spread of
a state |ψ〉 is the variance varψ(X). For mixed states, the
variance is no longer a faithful measure of coherence since
it does not distinguish between coherent superposition
and incoherent mixture. The convex roof construction
is a well-known technique to overcome the shortcomings
of the variance. Given a mixed state ρ, one considers
the infinite set of all pure state decompositions (PSD)
ρ =
∑
i pi |ψi〉〈ψi| and minimizes the average variance
I(ρ,X) = min
PSD
∑
i
pivarψi(X). (1)
Since the incoherent part is eliminated with the convex
roof construction, we call I(ρ,X) the quantum coherence
of ρ in the spectrum X. Measuring a certain value of I
experimentally falsifies all collapse models that forbid the
superposition principle to be valid on the order of
√I.
Notably, 4I is the so-called quantum Fisher informa-
tion [20–22]. This implies that large quantum coherence
is necessary to reach high sensitivity in parameter estima-
tion protocols where X is the generator of the parameter
shift. The intuitive motivation to choose the convex roof
of the variance is made more rigorous in a recent resource
theory of “macroscopic coherence” [23].
It arguably makes sense to compare I(ρ,X) to a refer-
ence state |ψref〉, which behaves “maximally” classically
among all pure quantum states. Like the choice for the
observable X, identifying |ψref〉 is physically motivated
and hence situation-dependent. Nevertheless it brings
some conceptual advantages, as we can avoid unwanted
dependencies on scaling factors of X. Furthermore, it
helps to compare systems with various numbers of modes
or particles. One defines
Irel(ρ,X) = I(ρ,X)I(ψref , X) , (2)
which tells us how much larger the quantum coherence
of ρ is compared to that of the reference state.
The observable X and the reference state have to
be physically motivated. Let us consider two exam-
ples [15, 16]. Quadrature operators X = eiθa + e−iθa†
for phase space states (sums of quadrature operators
for many modes) and collective spin operators X =∑N
i=1 σ
(i) proved to be reasonable choices. The refer-
ence states are the coherent state in phase space and
the spin-coherent state (i.e., parallel spins in a product
state) in spin ensembles, respectively. It was shown that
Irel(ρ,X) can then be interpreted as an effective size as it
is connected to the number of microscopic entities (pho-
tons or spins) that effectively contribute to the large-
scale quantum effect [24]. Generally, let us consider a
classical reference state composed of uncorrelated micro-
scopic constituents (“particles”) and an additive observ-
able with a macroscopic limit. Then the variance is linear
in the number of particlesN , that is, var(X) = Nvar(x0),
where x0 is the corresponding one-particle operator and
var is the average variance per particle. Then, the ef-
fective size Irel(ρ,X) gives the spread of the quantum
coherence per particle and per microscopic unit, which
justifies the use of the variance rather than, for example,
the square root of it.
III. SHORT SUMMARY OF SQUID PHYSICS
In the discussion on whether experiments with super-
conducting devices show aspects of a Schrödinger-cat
state, some approaches [5, 6, 9] work with a microscopic
model. This leads to discussions about details like the
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Figure 2. (a) Center: two examples of the double-well po-
tential U (curved, blue line; Eq. (3)) for Φx = 0.499Φ0 and
Φx = 0.5Φ0. The difference  between the two minima for
Φx = 0.499Φ0 is artificially increased for a clearer distinc-
tion between the two cases. Top: absolute square of the wave
functions of the target states |0〉 and |1〉 at Φx = 0.499Φ0 in
the experiment of Ref. [11], shifted by the respective eigenen-
ergy. The confinement of each in a single well is clearly visi-
ble. Bottom: The same at Φx = 0.5Φ0. The wave functions
are both spread over both wells. (b) Energies of the target
states as a function of Φx (solid lines). The avoid crossing
at Φx = 0.5Φ0 is clearly visible. The dashed lines are the
energies of the target states after dephasing as described in
Eq. (7) with Γ =
√
~/(Cω). The energies are shifted, but the
avoided crossing is still present. The inset shows the energy of
the ground state before (solid) and after (dashed) dephasing
with the same Γ.
proper choice of the “microscopic unit” or of characteristic
quantities [7]. In the presented approach based on quan-
tum coherence I, it is more natural to work with a phe-
nomenological model of a single degree of freedom, the
total flux Φ and the charge Q as the conjugate variable
(i.e., [Φ, Q] = i~). To discuss a specific example, let us
consider the SQUID experiment of Friedman et al. [11].
The effective potential depends on the the inductance L
and the critical current Ic. In addition, it is controlled
by an external flux Φx (see Fig. 1 (b)). This results in
a quadratic part with inductive energy EL = Φ20/(2L)
and in a nonlinear part from the junction with Joseph-
son coupling energy EJ = IcΦ0/(2pi) (Φ0 is the magnetic
flux quantum), that is,
U(φ) = EL
(
Φ− Φx
Φ0
)2
+ EJ cos (2piΦ/Φ0) . (3)
The Hamiltonian is completed by the “kinetic” energy
1
2CQ
2 where C is the capacitance. For later, we introduce
the charging energy EC = e2/(2C) and the angular fre-
quency of the hypothetical LC circuit, ω = 1/
√
LC. The
experimental parameters given in Ref. [11] are EC = 188
MHz, EL = 13 THz and EJ = 159 GHz. In the fol-
lowing we use these numbers when it comes to numeric
calculations, but we generally assume EJ , EL  EC .
Depending on Φx, the potential U can exhibit an ef-
fective double-well structure (see Fig. 2 (a)). At Φx =
1
2Φ0, there exist two global minima separated by roughly
0.655Φ0. This implies that coherent tunneling is possi-
ble and the wave functions of the eigenstates have finite
contributions in both wells. This leads to statements like
“the wave function lives in both wells”. Given the large
separation and the involvement of up to 109 Cooper pairs,
some physicists have called this a Schrödinger-cat situa-
tion. The “classical” regime is at Φx = 0, as the potential
has a (deep) single well with a well-defined flux state as
its ground state. While a small anharmonicity is always
present, the ground state in this regime behaves like the
ground state of an harmonic oscillator if EL, EJ  EC .
For example, the variance of Φ and Q are minimal in the
sense that the Heisenberg uncertainty relation is basically
tight [25]. Hence, this state is chosen as the reference
state as it behaves most classically.
As argued in Refs. [4, 11], the experimental proof of the
coherent superposition of “left and right” is the resolution
of the predicted avoided crossing by tuning the imbalance
between left and right well (see Fig. 2 (a)). Since the
energy gap is proportional to the tunneling probability,
the splitting between the lowest two eigenstates is very
tiny for the given energies. Hence the initial ground state
is driven to highly excited states just below the barrier.
There, the minimal energy gap is pronounced enough to
be measurable (see Fig. 2 (b)).
While the discussion in this paper is adapted to the
experiment of Ref. [11], other experimental setups lead
to conceptually similar results. For example, the three-
junction setup of van der Wal et al. [12] can be modeled
with two independent flux coordinates. A suitable co-
ordinate transform leads to an effective double well po-
tential similar to the one discussed before [26]. Hence,
we will find qualitative similar results, which are later
given without discussing details. We only mention that
a further parameter of the experiment is α, which is the
ratio of the Josephson coupling energy of one junction to
4the other two (identical) junctions. The parameters from
Ref. [12] are EJ/EC = 38 and α = 0.8.
IV. LARGE QUANTUM COHERENCE IN FLUX
QUBITS
In this section, we apply the framework of large quan-
tum coherence to the flux qubit. Following on the dis-
cussion in Sec. II, we choose a target state (i.e., the state
which is supposed to exhibit large quantum coherence),
an observable X for which we evaluate the spread of co-
herence, and a classical reference state to which we want
to compare the target state. From Sec. III, it is evident
that eigenstates (e.g., ground states) at Φx = 1/2Φ0 are
good candidates for “cat states” if we choose X = Φ.
The ground state at Φx = 0 serves as the classical ref-
erence state. In Sec. IVA, we take the ground state at
Φx = 1/2Φ0 as the target state, while in Sec. IVB we nu-
merically analyze the target states of the experiment in
Ref. [11]. Since in both cases we treat the ideal situation,
the quantum coherence I simplifies to the variance.
A. Effective size of the ideal cat state
We first calculate the variance of the classical refer-
ence state. For this, we notice that we are in the regime
EL/EC ≈ 7.17×104  1, which implies a rather deep po-
tential in the classical situation Φx = 0. It can be easily
shown that the anharmonic part of the potential does not
significantly influence the ground state (despite a large
EJ). Hence, to obtain an analytical result, we approxi-
mate U from Eq. (3) by an harmonic oscillator. From the
second-order Taylor series of U at Φx = 0, we can extract
the effective trapping frequency ωcl = ω
√
1 + 2pi2EJ/EL
and find
varref(Φ) ≈ ~
2Cωcl
=
1
2pi
√
EC
EL + 2pi2EJ
Φ20. (4)
We now turn to the ground state at Φx = Φ0/2, which
is an equally weighted superposition of being in the left
and right well. For simplicity, this state is called “cat
state” in the following. Since the distance d between
the minima is much larger than the spread of the wave
packet in one well, we approximate the variance of the
cat state by d2. In the present parameter regime, d is
in the order of Φ0 with a slight dependency on EC and
EJ . We numerically find varcat(Φ) ≈ 0.6552Φ20. Together
with Eq. (4), we have
Irel(Φ) ≈ 0.86pi
√
EL + 2pi2EJ
EC
≈ 1315. (5)
In the limit of a dominant Josephson energy EJ/EL ∝
IcL/Φ0  1 (while keeping EL  EC), one has
varcat(Φ) ≈ Φ20 and Irel ≈ 2
√
2pi2
√
EJ/EC ≈ 2565.
The calculation for the experiment of Ref. [12] is anal-
ogous, but gives a fully analytic expression. We find
Irel = 4 arccos2
(
1
2α
)√
4α+ 2
√
EJ
EC
≈ 45. (6)
For both experiments, we note the scaling of the effective
size with
√
EJ/EC .
B. Effective size of the target states of Ref. [11]
We now numerically calculate the effective size of |0〉
and |1〉 (see Fig. 2 (a)) that were targeted in the exper-
iment of Ref. [11]. For this, we first have to numerically
diagonalize the Hamiltonian. As detailed in Ref. [27], one
analytically calculates the eigenbasis of the Hamiltonian
in the case of EJ = 0 (since it reduces to the familiar LC
circuit) and then expresses the general H in this basis.
With the experimental parameters mentioned in Sec. III,
we can diagonalize H with high precision and reasonable
cut-off dimensions.
Here, we are interested in the regime around Φx =
1
2Φ0. As shown in Fig. 2 (a), at Φx =
1
2Φ0, the wave
functions are indeed spread over the entire classically al-
lowed range. For the classical reference state, we again
use Eq. (4). The eigenstate |1〉 exhibits a spread of
var|1〉(Φ) ≈ 6.32 × 10−2Φ20. We find Irel ≈ 194. For
the second state |0〉, the spread is slightly smaller.
Table I. Comparison of effective size Irel with results from
literature for experiments [11, 12]. Our method is conceptu-
ally closest to the work of Björk and Mana [8], whose result
has to be squared to match ours. Interestingly, we obtain
similar numbers as [5] (in the scenario of Sec. IVA) despite
the different approach. See Sec. VI and Ref. [24] for further
discussion.
Reference SUNY [11] Delft [12]
Effective sizea Irel 1315 / 194 45
Leggettb [4] 1010/1010 106/1010
Björk and Mana [8] 33 -
Marquardt et al. [9] - . 2
Korsbakken et al. [5] 3800 - 5750 42
a The first number refers to the ideal scenario (Sec. IVA), the
second to the implemented protocol (Sec. IVB).
b Leggett uses two measures: disconnectivity and extensive
difference.
V. CERTIFYING LARGE QUANTUM
COHERENCE IN EXPERIMENTS
We now turn to the question of how to certify the pres-
ence of large quantum coherence from the experimental
data. We first show that the demonstration of an avoided
crossing in the energy spectrum is not sufficient to wit-
ness wide-spread coherence. To this end we introduce a
5(a)
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Figure 3. Impact of dephasing as a function of the correla-
tion length Γ for the two eigenstates |0〉 and |1〉 (see Sec. IVB
and Fig. 2 (a)) at fixed Φx = 12Φ0. (a) The relative quantum
coherence Irel drops quickly when increasing the dephasing
strength (i.e., decreasing Γ). For Γ ≈ 4√varcl(Φ), one has
Irel ≈ 1, that is, the spread of the quantum coherence is at
the same order as the classical reference state. (b) Relative
difference of the energy gap ∆E under dephasing (∆E0 de-
notes the energy gap without dephasing). The energy gap ∆E
is basically invariant for large Γ. Only for Γ . 4
√
varcl(Φ) the
relative difference becomes experimentally relevant. The gray
zone highlights the parameter range of Γ where Irel ≤ 1 and
1−∆E/∆E0 ≤ 10−3. The yellow circles mark Γ =
√
~/(Cω),
which is also used in Fig. 2 (b). The relative difference satu-
rates at around 10−10 for large Γ because of numerical preci-
sion.
specific dephasing model that largely preserves the en-
ergy gap but significantly reduces the quantum coher-
ence. Hence, we discuss alternative schemes at the end
of the section.
A. Robustness of avoided crossing, fragility of
quantum coherence
In this section, we consider a simple dephasing model
in the flux basis and discuss its consequences. Suppose
that the eigenstates are subject to dephasing
ρ(Φ,Φ′)→ e−(Φ−Φ′)2/(2Γ2)ρ(Φ,Φ′), (7)
meaning that coherence-elements ρ(Φ,Φ′) are damped by
a Gaussian function on a scale Γ (called correlation length
in the following). From the discussion in Sec. II it is not
surprising that this map reduces the quantum coherence
I, which is calculated using the spectral decomposition
ρ =
∑
i λi |ψi〉〈ψi| and
I(ρ,Φ) =
∑
i<j
(λi − λj)2
λi + λj
|〈ψi|Φ |ψj〉|2 (8)
(see, e.g., Ref. [21]). The result for Φx = 12Φ0 and vari-
able Γ is presented in Fig. 3, which shows the fragility
of the quantum coherence under flux dephasing. In con-
trast, the energy gap ∆E (i.e., the difference in the en-
ergy expectation value between the dephased eigenstates
at Φx = 12Φ0) is rather stable (see Fig. 3 (b)). Only for a
correlation length Γ .
√
~/(Cω) (i.e., close to the width
of the classical reference state) ∆E deviates significantly
from the energy gap between the original eigenstates, de-
noted by ∆E0. Note that the energies of the states are
increased by the map (7). Since this affects all states
equally strong (including the ground state), the differ-
ences in energies remain basically unchanged.
From these findings, we conclude that the mere obser-
vation of an avoided crossing is not sufficient to prove
large quantum coherence in the system. We emphasize
that this conclusion cannot be found by reducing the flux
coordinate to a two-dimensional space (left well/ right
well), which is often done in qualitative discussions.
B. Sufficient experimental test
We now discuss the possibility for a sufficient exper-
imental test to certify a minimal quantum coherence
I(ρ,Φ). As shown in Ref. [28], we can employ the fol-
lowing dynamical protocol. For this, we have to be able
to implement Vt = exp(−iΦt). We first choose a suit-
able measurement with measurement operators {Πk} for
the outcomes {xk}. Then, we measure the probability
distributions pk = TrρΠk and qk = TrVtρV
†
t Πk. With
this, we calculate the so-called Bhattacharyya coefficient
B =
∑
k
√
pkqk. One finds [28]
I(ρ,Φ) ≥ 1
t2
arccos2B. (9)
In essence, inequality Eq. (9) witnesses the response of
the system to a dynamical process generated by Φ. High
susceptibility implies the presence of large-scale quantum
coherence. Using this bound, one finds certified quan-
tum coherence which is (in the cold atom experiment of
Ref. [29], for example) up to 71 larger than that of clas-
sical reference states [18].
As we show now, we can relax the requirements of this
protocol. For instance, suppose we are not able to fully
control t (i.e., the duration of the unitary), but we only
assume that t follows a certain distribution µ(t) with∫
dtµ(t) = 1. Then, the quantum state after the non-
unitary dynamics is described by
E(ρ) =
∫ ∞
−∞
dtµ(t)VtρV
†
t . (10)
6For example,
µ(t) =
1√
2piΓ
exp(−Γ2t2/2) (11)
leads to an effective dephasing in the Φ basis exactly
as modeled in Eq. (7). We redefine qk = TrE(ρ)Πk for
the calculation of B. Following Ref. [28] and using the
quantum fidelity F , one can show that
B ≥ F (ρ, E(ρ)) ≥
∫ ∞
−∞
dtµ(t)F (ρ, VtρV
†
t )
≥
∫ pi/(2√I)
−pi/(2√I)
dtµ(t) cos
(√
It
)
,
(12)
where for the last step we used F (ρ, VtρV
†
t ) ≥ cos
(√It)
in the interval t ∈ [−pi/(2√I), pi/(2√I)] [30, 31]. Fi-
nally, one has to invert inequality (12) to obtain a lower
bound on the quantum coherence I. This is generally
not analytically possible, but one can find either numer-
ical solutions or approximations. The numerical solution
is an optimization problem where one finds the maximal
I such that the inequality in Eq. (12) is fulfilled given
the data, B, and the model of the dynamics, µ(t). As
an example for an analytical approximation, we consider
Eq. (11). In the weak dephasing limit (i.e., Γ2  I), we
can safely move the integration limits in the second line
of Eq. (12) from ±pi/(2√I) to ±∞, which allows us to
find B & exp(−Γ2I/2), from which
I(ρ,Φ) & 2Γ2 log 1/B (13)
follows.
Recent experiments with flux qubits (e.g., by Knee et
al. [32]) are conceptually and technically very close to
the presented framework. A standard way of implement-
ing measurements is based on the Josephson Bifurcation
Amplifier [33–35], which can be modeled by a dephasing
process similar to Eq. (10). This opens the opportunity
for witnessing large quantum coherence with flux qubits.
Then, the protocol in Ref. [32], which was employed to
falsify so-called macrorealistic theories, is of the same
spirit as the procedure presented here, namely to witness
the susceptibility of a system with respect to a specific
influence. The difference is that here we do need to con-
trol the experiment to a certain degree. In particular,
the dynamics of Eq. (10) should be well characterized
(e.g., Γ in Eq. (11) should be sufficiently known), while
assumptions on the initial state ρ and the measurement
{Πk} are not necessary.
VI. DISCUSSION AND SUMMARY
In this paper, we proposed to consider the extent of
quantum coherence in the flux coordinate as one rele-
vant aspect of the “macroscopic quantum nature” of flux
qubits. While the framework of large quantum coherence
arguably has an operational meaning in the resource the-
ory of asymmetry [23, 36] and metrology [20, 21], its in-
terpretation as an “effective size” (i.e., how many Cooper
pairs or electrons effectively contribute to the quantum
phenomenon) is less clear.
From a mathematical point of view, the framework
of large quantum coherence is directly applicable to the
SQUID experiments. The choice of observable (here, the
flux Φ) and the reference state (ground state of the “clas-
sical” regime Φx = 0) are physically motivated. The
scaling of the effective size in the ideal case (Sec. IVA)
with
√
EJ/EC is interesting as the ratio EJ/EC is some-
times argued to be the relevant scale of the experiment
[9].
In this context, it is interesting to compare our results
with the analysis by Korsbakken et al. [5, 6] [37]. The
authors work with a microscopic model to investigate the
effective number of participating Cooper pairs in the cat
state. They find numbers around 3800 - 5750 for Ref. [11]
and 42 for Ref. [12]. Since their results depend on experi-
mentally “difficult” quantities like the Fermi velocity, this
work was criticized by Leggett in Ref. [7] where he con-
structs an “obvious” example of a Schrödinger-cat state
that still gives a very low effect size with Korsbakken
et al.’s method. Nevertheless, we note that our results
(which only depend on the phenomenological model) and
the results of Korsbakken et al. are in the same order.
It would be interesting to see whether this is pure coin-
cidence or whether there is some underlying connection.
We have shown that the experimental observation of
avoided crossing in the energy spectrum is not a conclu-
sive witness for the presence of large-scale quantum co-
herence. In contrast, the framework of large quantum co-
herence provides powerful lower bounds that are testable
in practice. Here, we extended a recently developed pro-
tocol [28] to nonunitary dynamics, which is conceptually
and technically close to existing experiments [32]. Note
that Eq. (12) is a general way to lower bound the spread
of quantum coherence for an observable X. For its suc-
cessful application, it is necessary to faithfully implement
the unitary Vt = exp(−itX) in the experiment and to
observe the impact by measuring the system before and
after its application (on different runs). The control of t
can be relaxed to having knowledge about its distribution
over many runs, µ(t). In contrast, no knowledge about
the measurement is necessary to guarantee the correct-
ness of Eq. (12).
The presented work gives a first insight that wide-
spread quantum coherence might be present in SQUID
experiments. We see our results as a starting point for
further investigations. As mentioned before, the micro-
scopical interpretation of Irel is open. Furthermore, one
should apply the framework of large quantum coherence
to other experiments and parameter regimes, such as
EJ > EC > EL (i.e., fluxonium) and EJ ≈ EL  EC (c-
shunt flux qubit). A well-justified choice of the relevant
observable as well as the target and reference state will
lead to further insight to meso- and macroscopic quan-
7tum phenomena.
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